Growing anaerobic microorganisms in phenotypic microarrays (PM) and 96-well microtiter 2 plates is an emerging technology that allows a high throughput survey of the growth and 3 physiology and/or phenotype of cultivable microorganisms. For non-model bacteria, a swift 4 method for phenotypic analysis is invaluable, not only to serve as a starting point for further 5 evaluation, but also to provide a broad understanding of the physiology of an uncharacterized 6 wild-type organism or the physiology/phenotype of a newly created mutant of that organism. 7
Introduction 1
Desulfovibrio vulgaris Hildenborough, a sulfate-reducing anaerobic, delta 2 proteobacterium, has been identified as a model organism in many types of sulfate-reducing 3 environments, especially those related to metal-contaminated sites (Caumette 1993 this organism are necessary to understand metal reduction processes under a variety of 7 environmental conditions. Conducting a growth curve to determine lag time, growth rate, and 8 maximum cell densities often is necessary to understand the physiology or phenotype and the 9 specific effect of environmental stressors on the organism. Culturing in batch cultures has the 10 disadvantage of large amounts of media with single or multiple component differences, of 11 large numbers of tubes or flasks, and of the inconvenience of manually monitoring optical 12
densities of large numbers of cultures. In addition, growth times often are difficult to predict 13 and key experimental data may be lost if sampling is not sufficiently frequent (Sani, Peyton et 14 al. 2003) . Increased convenience and quantity of the data can be obtained by automation of 15 the growth curve measurements in 96-well microtiter plates (hereafter referred to as plates). 16
After preparation, plates can be incubated and growth monitored by recording opacity changes 17 by automation at discrete intervals, continuously over several days. The opacity response was 18 recorded as a positive integer which we have named OmniLog TM units (OL units) which were 19 calibrated to standard microbiological techniques. The high throughput 96-well plate format 20 also facilitates replication so that growth from either technical or biological replicates can be 21 compared simultaneously on a single plate. 22
Biolog (Hayward, CA) has developed a microarray for rapid characterization of an 23 organism based on phenotypic response to substrate utilization. The instrument, called the 24
OmniLog
TM (OL), is designed to simultaneously measure phenotypic responses from aEngineering modifications were made for the anaerobic incubation of the inoculated 1 plates. When the sealant method was attempted, poor on no growth was observed in the wells 2 closest to the edge of the plate indicating oxygen leakage or potentially toxic effects from the 3 sealant. Instead, prior to removal from the anaerobic chamber, inoculated plates were placed 4 into 18 oz Whirl-Pak® Long-Term Sample Retention Bags (Nasco, Fort Atkinson, 5
Wisconsin) and the open end was sealed 2 mm wide heat sealer (American International 6
Electric, Newport News, Virginia). The Nasco bags are 2.5 µm thick and have a reported 7 oxygen permeability of 0.125 ml/645 cm 2 /24 h and a water vapor transmission rate of 0.48 8 gms/645 cm 2 /24 h at 22.8°C (information provided by manufacturer). After sealing, the bag 9 surface area is 284 cm 2 (including the top and bottom surfaces) and volume is 180 cm 3 . With 10 an incubation time of 60 hours and this bag geometery, at 22.8°C the calculated water loss 11 would be 0.528 g and the oxygen entering the bag would be 0.1375 ml, or 5.5% of the initial 12 volume lost and a final oxygen concentration of 0.076%. While this is relatively minor, losses 13 at higher temperatures or longer incubations times may be significant and should be taken into 14 consideration. To verify water loss in our system, plates were prepared with 100 µL of media 15 per well and incubated for 48 hours at 30ºC which resulted in measured water loss of 0.018 16 g/645cm 2 /24 hrs. Our lower observed value is most likely due to the geometry of the plate, 17 the low volume of water overall, and because the plates, except when reading, are housed 18 between two metal plates which may reduce water vapor transmission.
Oxygen was 19 monitored both by indicator strips and by the presence of resazurin in the media. It was 20 established that with this method anaerobic conditions lasted for at least 80 h in the OL at 21 30°C without problems of fogging or toxicity from silicon or other sealants. 22
While these bags were effective in maintaining anaerobic conditions, it was found that 23 the plastic bags frequently jammed in the instrument due to the physical size and mechanical 24 motion of the plate reader. Metal clamps were added to properly seat the bagged microtiterplate into the tray to reduce friction from the bag and the possibility of jamming during plate 1 reading, as well as to hold the plates horizontally in the trays so that the detector could gather 2 non-distorted images. 3
To start incubating, bagged and sealed plates were removed from the anaerobic 4 chamber, clamped in trays and incubated at 30°C in the OL until a maximum OL value was 5 reached. The plate was automatically scanned by the instrument and opacity (by pixilation 6 intensity) was recorded every 15 minutes. Cell growth was observed in both user prepared 7 96-well plates and Biolog-prepared PM plates PM1-PM20 (Biolog, Hayward, CA). A full 8 listing of all PM array well substrates can been found on the Biolog website 9
(http://www.biolog.com/ pmMicrobialCells.html) and in the supplementary materials. 10
The scanning technology used by the OL records the increased in well opacity as 11 digital OL units. These OL units were given a microbiological value by calibrating to OD at 12 600nm and cell count data (see Results section below). The cell count calibration was 13 achieved by sacrificing plates and sampling cells from the 96-well plates at various stages of 14 growth representing a range of OL units and quantified using acridine orange (Sigma-Aldrich, 15
St. Louis, MO) direct cell counts (AODC) (Francisco, Mah et al. 1973 ) and measured at 16 OD 600 using a standard spectrophotometer (Perkin Elmer, Waltham, Massachusetts). 17
To accommodate the various plate-specific phenotype testing, LS4D medium was 18 modified for each type of PM plate (Table 1 ). In PM 1 and 2, carbon substrate utilization is 19 evaluated; therefore, medium was made without addition of the LS4D carbon source lactate. 20
Nitrogen was removed by omitting the medium component NH 4 Cl for PM 3 (N sources), 6, 7, 21 and 8 (peptide N sources) plates, which assay a variety of nitrogen substrates and amino acids. 22
In addition, because D. vulgaris contains nif genes on its native plasmid that support growth 23 on N 2 (Heidelberg, Seshadri et al. 2004 ) PM 3, 6, 7, and 8 plates were prepared in an Ar 24 atmosphere. For PM 4, which assays P and S utilization pathways, P was removed fromLS4D for rows A-E, and S was removed for rows F-G. Plates PM 9 and 10 evaluate the 1 effects of osmotic and pH stress, and plates PM 11-20 contain a wide variety of inhibitors. 2 For PM 9-20 standard LS4D medium was used. For the PM1-8 plates, which use media 3 without a critical nutrient or substrate, the plates contain control wells to monitor growth in 4 the inoculated media without the added component. Growth in control wells indicate faulty or 5 over-inoculation, so that the data from the entire plate could be rejected. 6 7
PMViewer Software 8
Because of the potentially large number of growth curves produced in a phenotype 9 microarray experiment and the need to easily share results, we have developed a number of 10
Web-based interfaces to display growth curve data. Biolog TM provides software for data 11 viewing with the OL instrument, but it is not Web based and requires installation on 12 individual computers for viewing PM data and the transfer of data files between computers. 13 The PMViewer software that we developed has a database backend and provides different 14 views of the data using Web-based interfaces. 15
The main data viewer for the results is PMRowView. This interface allows the user to 16 select one or more PM datasets, a single plate type, and a row on that plate. For the purpose 17 of the data viewers, a PM dataset consists of growth curve data from a phenotype microarray 18 experiment involving a single strain of an organism and a set of distinct PM plates run on the 19 same day. Growth curves are plotted twelve to a (Web) page in a three-column, four-row 20 format (Figure 2a ). Each plot is labeled with the chemical name, plate type, and well id. 21
Because some chemicals are used to treat four consecutive wells (using different doses) on a 22 plate, the plots are placed on the page so that when a chemical is repeated, growth curves for 23 all four doses appear in one column to facilitate comparing dose responses. If the user clicks 24 on one of the twelve small plots, a new window will open that shows a larger version of thatplot (example shown in Figure 2b ). In the new window, the user has the option to download 1 the data as a tab-delimited file for the curve(s) shown in the plot. 2
One additional feature of the PMRowView is that if the user selects a single dataset to 3 view, then in addition to the plot of the growth curve, approximate accumulation times are 4 displayed. The accumulation time is approximated as follows. A four-point centered 5
averaging method is applied first in order to smooth the curve. The time at which the 6 maximum value, v max , of the curve is attained is determined, and following that, the times at 7 which points on the curve equal 10%, 20%, 30%,…. 90% of the maximum value are 8 determined. Four approximate accumulation times, AT, are calculated from AT(t a ,t b )= t b -9 t a /3.3log 10 (v b /v a ) using the times and values corresponding to the 10% and 90% points, 20% 10 and 80% points, 30% and 70% points, and 40% and 60% points. For example, for the 10% 11 and 90% points, v b (t b ) = 0.9v max and v a (t a ) = 0.1v max . In cases where there is no response, or 12 the curve does not have a leading rising edge (i.e., the maximum value occurs earlier than the 13 minimum value), the accumulation time is not approximated. 14 In this workflow, the OL unit is a measure of increased opacity due to cell growth 15 processes, principally FeS precipitation, therefore the accumulation time determined above, 16 though affected by growth rate, does not directly measure growth rate. 
Inoculum Standardization and Calibration of OL value 9
The PM plate analyses function by the addition of a key substrate to a deficient 10 medium, or by adding an inhibitory chemical to limit growth. The goal is to inoculate wells 11 uniformly to be able to visualize differential growth. Successful growth of D. vulgaris in 12
plates was found to be a straightforward technique, however reproducible and representative 13 growth in the PM array presented a methods development challenge. Several steps outlined in 14 the methods section have detailed important modifications that are necessary for successful 15 growth and testing of the D. vulgaris phenotype. As with any cell culture process, 16 development of precise and consistent culture and inoculation techniques are very important 17 to the production of high quality PM data from the OL system. Recognizing when 18 representative growth has been visualized by the OL will prevent misinterpretation of results 19 and will facilitate the generation of an accurate phenotype for an organism. 20 When different strains or mutants of a strain are compared, differences in growth rates 8 or yields will have to be taken into account. To compare strains, their growth must be 9 standardized or normalized to the parent strain, and if yields are sufficiently different between 10 strains to make direct comparison difficult, it may be necessary to report differences as a 11 percent change of normal growth in each strain rather than the absolute OL values. 12 Table 2 ).
The observed increase in opacity was calibrated to standard cell enumeration 1 techniques: cell counts and spectrophotometric measurement of turbidity at 600 nm (OD 600 ) 2 (see Figure 5 ). Calibration was accomplished by preparing a wide range of cells These calibrations of opacity measurement was necessary in order to further validate 11 that increase in opacity with time measured by the OL using the darkening color, both from 12
FeS precipitate and other cell products, indeed serves as an analog for increase in cell density 13 over time. Similar to OD 600 measurements, OL data does not measure exponential growth, 14 but rather reflects the increased opacity due to accumulation of cells (as a function of the 15 increase in number of cells) and metal sulfide precipitation within a defined range, which for 16 OL units is 0 to 250. As can be seen by the relationship between cell counts and OL units, the 17 relationship is non-linear and lacks sensitivity at both the low and high cell counts. While cell 18 counting remains as one of the most robust methods for monitoring growth, it is not possible 19 to assay cell density in nearly 2000 substrates every 15 minutes. In contrast, the PM 20 represents a high throughput tool to determine overall phenotype. Therefore, if an interesting 21 phenotype is detected, additional validation by cell count assays must be obtained when using 22
MT plates and batch reactors. 23 24 
Artifacts associated with growth of D. vulgaris in microtiter plates
During long incubation times OL units will eventually reach a plateau value when the 1 FeS accumulation has reached a maximum value, both due to depletion of Fe in the media and 2 cells reaching stationary phase. Due to changes in FeS precipitate, or cell clumping, cell lysis, Because of the wide range of growth parameters that can be tested there is a possibility 16 of mixotrophic growth occurring, where cells continue to grow but not via sulfate reduction, a 17 possibility when alternate carbon source and yeast extract are present (Postgate 1984) . 18 Therefore, as stated earlier, observed growth patterns should be confirmed by secondary 19 methods such as cell counts or protein assays. 20 The use of opacity to visualize growth also presents some challenges for data 21 interpretation. The observation that addition of medium in the absence of cells causes an 22 immediate reaction in some wells is an artifact of the PM plates. Some wells components 23 may also abiotically reduce sulfate to sulfide and cause formation of precipitate. It was found 24 that several wells consistently have abiotic reactions that preclude the measurement of anyopacity change due to cell growth and cannot be used to evaluate the D. vulgaris phenotype. 1 Using the PMColorMap viewer (Figure 8b ), a list of these wells was identified and is given in 2 Table 3 . comparisons between conditions or strains using the same medium still would be possible. 14 The growth curves also can be corrected by subtraction of the background value (Figure 6b) . 15
For this assay of pH effects, comparing absolute minimum or maximum OL units is not 16 informative in determining the effects of pH. However, both the generation time, lag time and 17 the difference between the maximum and the minimum OD might be used in evaluating 18 effects of pH in a comparative study. An additional consideration is that depending on the 19 buffer capacity and chemical composition of the growth media, the pH adjustment indicated 20 for a OL well may not be accurate and should be measured independently. 21 Plates PM 1 and PM 2 are designed to evaluate carbon utilization patterns. The carbon 22 source in the wells is ~20mM, which is too low to elicit robust growth of D. vulgaris. In this 23
case, the addition of 10 mM Fe-NTA to the medium increased the FeS precipitation and as a 24 result, the opacity. However, while the additional Fe-NTA boosted the intensity forvisualization, a growth curve was not obtained, and the result can be used only as an 1 indication of carbon utilization capabilities, rather than as a kinetic assay. Using PM 1 and 2 PM 2, D. vulgaris was shown to have growth on lactate and pyruvate and formic acid, as is 3 reported in the literature (Heidelberg, Seshadri et al. 2004 ). These C utilization results were 4 further confirmed by measuring cell density and D. vulgaris purity was confirmed with PCR 5 probes. 6 PM 4 is a split plate, the first five rows evaluate P sources and the remainder evaluates 7 S sources. It was found that the S concentration in these wells were insufficient to support 8 growth of D. vulgaris so the S phenotype could not be determined. with 2% NaCl with 0.2% YE added, and was only observed up until 1% NaCl (0.56 M) 24 without YE (data not shown). This reemphasizes that the OL serves best as a tool to surveyphenotype, while the precise determination of inhibitory concentrations, antibiotic resistance 1 patterns, etc., in a specific media require experiments in that defined medium either in user-2 prepared plates or flasks. In other words, results from the PM array, although inoculated with 3 LS4D, actually reflect growth of LS4D plus PM media, which will be different than pure 4 LS4D in most wells since the wells on many of the other plates also contain stabilizers or 5 undefined buffers. 6
Further examples of growth visualization problems are shown in Figure 8 . Partial 7 plate under-inoculation is clearly seen in Figure 8a , with the lower third of the plate 8 demonstrating no growth. In Figure 8b yellow and orange bands indicate abiotic reactions 9 between LS4D and PM well contents. Figure 8c is a visualization of an OL instrument 10 malfunction that caused periodic spikes in the data for this plate. These examples show that 11
PMColorMap plots are valuable in rapid screening of plate validity, which may not be 12 apparent from looking at individual growth curves. 13 14
Conclusions 15
The small well size and manufacturing process of PM plates lead to certain differences 16 between known measurements for several of the observed results. Evaporation, transfer of 17 headspace gases between wells, presences of osmolytes in fixing agents (such as the presence 18 of yeast extracts in PM 9), and pH changes will occur during growth. Monitoring growth in 19 the plates using FeS precipitate and cell accumulation can be correlated well with cell counts 20 and OD 600 nm measurements traditionally used to monitor growth. Results should be used 21 with some reservations when evaluating kinetic data because abiotic or other chemical 22 reactions in the wells can affect measured values for some wells. Despite the existence of 23 unusual abiotic reactions among medium components and/or metabolic products, the growth 24 information can still be useful as long as the abiotic features are recognized. Observed growthand interesting phenotypic changes should always be confirmed by cell counts, user prepared 1 MT plates, or subsequent larger scale batch studies. Looking at a suite of growth parameters, 2 both kinetic and absolute metrics, including generation time, the overall change in opacity as 3 measured by OL units, and the lag time, will provide a clearer picture of the growth 4 characteristics and overall phenotype. For increased confidence in observed phenotypes, 5 biological triplicates and confirmation of observed growth in user prepared plates or in batch 6 culture is recommended. Also important is monitoring of control wells to observe over-7 inoculation and normalizing the inoculum of new or unknown strains for consistent growth. 8
A phenotype survey of D. vulgaris can be used as a basis for comparison of a variety of 9 growth conditions, effects of stressors, or for the evaluation of knock out mutants. The PM 10 array can provide a shotgun approach for screening, allowing the researcher to find potentially 11 interesting growth changes that were not previously considered. However, despite these 12 limitations the OL system is a valuable tool for broad screening of phenotypes for D. vulgaris 13 and other such environmentally important sulfate / metal reducing bacteria. 14 Development of the PMViewer Web-based data viewers facilitated the sharing of data 15 among project participants, assessment of the overall quality of phenotype surveys, and the 16 identification of substrates that resulted in abiotic reactions. Using a color mapping technique 17 to represent growth curves as thin color images, we were able to display large numbers of 18 growth curves in a space-efficient way. We added to this the ability to filter views of the data 19 and to zoom in on data from plates, rows on plates, or individual wells of interest. Figure 2 . Screenshot of PMRowView Web-based data viewer is shown in (a). This view shows twelve plots corresponding to the twelve wells on a single row of a PM microplate. Selecting a plot will open a new window that displays the plot on a larger scale (full page) and that has a link to download the data as a CSV file as shown in (b). Plot (c) groups all available PM microplates for a single run in a preview mode in the PMColorView Web data viewer. Each plot, when selected will produce the plot for a single plate as shown in (d). Selecting a color band (i.e., a microwell) in (c) will produce a full-size plot (b) for the selected microwell, as well as a link to download the raw data. This data is shown to illustrate the interface only and should not be used for phenotype interpretation. Ol Units 1% NaCl 2% NaCl 3% NaCl 4% NaCl 5% NaCl 5.5% NaCl 6% NaCl 6.5% NaCl 7% NaCl 8% NaCl 9% NaCl 10% NaCl 
